Abstract: Fe 3 O 4 nanoparticles (MNP) were coated with 3-aminopropyltriethoxy-silane (APTES), resulting in anchoring of primary amine groups on the surface of the particles, then four kinds of novel magnetic adsorbents (Fe 3 O 4 @SiO 2 -NH-HCGs) were formed by grafting of different heterocyclic groups (HCG) on amino groups via substitution reaction. These Fe 3 O 4 @SiO 2 -NH-HCGs were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and energy disperse spectroscopy (EDS . Under normal temperature and neutral condition, just 20 min, the removal efficiency of any Fe 3 O 4 @SiO 2 -NH-HCGs is more than 96%. In addition, these Fe 3 O 4 @SiO 2 -NH-HCGs have good stability and reusability. Their removal efficiency has no obvious decrease after being used seven times. After the experiments were finished, Fe 3 O 4 @SiO 2 -NH-HCGs were conveniently separated via an external magnetic field due to superparamagnetism. These results indicate that these Fe 3 O 4 @SiO 2 -NH-HCGs are potentially attractive materials for the removal of heavy metal ions from industrial wastewater.
Introduction
With the development of the world economy, environmental pollution has been a difficult problem that every country cannot avoid. Especially in rapid developing country, pollution problems frequently appear in news. For instances, rivers or land are polluted by wastewater from many industries such as battery manufacturing industries, tanneries, chemical manufacturing, mining, etc., containing a large number of heavy metal ions (1) . Among these heavy metal ions, copper ions emission is the most common due to the wide use of copper, mercury ions and lead ions emission are a concern because of the high toxicity, everyone knows the harm of cadmium ion because of itai-itai disease. They are the most common toxic metal ions, listed in the 11 hazardous priority substances of pollutants, that can accumulate in living organisms, causing several disorders and diseases (2) (3) (4) . How to remove the above heavy metal ions has become a hot topic for environmentalists and chemists. Numerous methods have been used including chemical precipitation, ion exchange, electrolysis, reverse osmosis processes, liquid-liquid extraction, resins, cementation (5-7). All of them have some disadvantages such as low efficiency, complexity, and high cost as well as secondary waste (8) (9) (10) . Lately, the application of nanoadsorbence has attracted everyone's attention due to their excellent properties, such as high surface area, good adsorption property. However, the small particle size of a nanoparticle brings the difficulty of separating it from solutions, which limits the application in water treatment (11) .
Fe 3 O 4 nanoparticles (MNP) are a kind of new nanomaterials that exhibits properties such as being easy to recycle, magnetic separation, enrichment, chemical stability, biocompatibility, lower toxicity and price, superparamagnetism, uniform particle size distribution, high saturation magnetization, and a large surface area (12) (13) (14) (15) (16) (17) (18) . They have been widely used in wastewater treatment, cell separation, magnetic resonance imaging (MRI), drug delivery systems, and protein separation (19) (20) (21) (22) . Based on these excellent properties, Fe 3 O 4 adsorbents emergence has been timely. Fe 3 O 4 adsorbents are usually prepared by the functionalization of magnetic particles via direct silylation with silane coupling agents, organic vapor condensation, polymer coating and surfactant adsorption (23) (24) (25) . When there is the presence of an external magnetic field, these superparamagnetic adsorbents are attracted to separate easily from the matrix. This overcomes the disadvantages of nanoadsorbents not being easy to separate from solution. Additionally, MNP were coated with silica shells, which bring chemical robustness and new chances of surface modification with a variety of chemical groups. For example, Zhang's group demonstrated thiol modified Fe 3 O 4 @SiO 2 as a robust, high effective and recycling magnetic sorbent for mercury removal (26) .
Wang et al. (27) reported that Fe 3 O 4 microspheres modified with the rhodamine hydrazide (Fe 3 O 4 -R6G) can be developed for selective detection and removal of mercury ion from water and the research results of Wang et al. (28) showed that magnetic mesoporous silica nanocomposites (MMS) can be used for the detection and removal of mercury ion, the composites both use the coordination of mercury ion and nitrogen atom to remove mercury. However, the proportion of donor atoms is low and the coordination efficiency of donor atoms is affected by steric hindrance in grafting groups. So, these defects reduce the adsorption capacity of composites. Mahdavian et al. (29) prepared Fe 3 O 4 microspheres modified subsequently with 3-aminopropyl triethoxysilane, acryloyl chloride and acrylic acid, and found that the composites can be developed for removal of heavy metal ions. However, the synthesis method is complicated, which is not conducive to practical application.
In this work, (i) the synthesis of MNP and (ii) amine modified silica coated magnetite (Fe 3 O 4 @SiO 2 -NH 2 ) were prepared by coating APTES on surface of MNP, (iii) four kinds of novel Fe 3 O 4 @SiO 2 -NH-HCGs [HCG = py (2-pyridinyl); pyd (3-pyridazinyl); pya (2-pyrazinyl); pym (4-pyrimidinyl)] were formed by grafting of different heterocyclic groups on amino groups via substitution reaction. On the one hand, the grafting method is simple and magnetic Fe 3 O 4 @SiO 2 -NH-HCGs can be easily separated from solution by an external magnetic field. On the other hand, the nitrogen atoms of HCGs, which possesses a high proportion, strong coordination ability and low steric hindrance, can drastically improve the adsorption of the heavy metals. 
Experimental

Apparatus
Flame atomic adsorption spectrometric (FAAS) measurements were carried out on a Perkin Elmer Zeeman 1100 B spectrometer (Uberlingen, Germany) with an air/acetylene flame. Fourier transmission infrared spectra (FT-IR, 4000-300 cm -1 ) in KBr were recorded on a Nicolet Nexus 470 FT-IR spectrometer (Nicolet, USA). Recorded on a micrographs of the adsorbents were obtained at 5.0 kV on a supra 40vp field emission scanning electron microscopy (FEI, Shanghai, USA). The morphology and particle size analysis were carried out on a transmission electron microscope (TEM) of H-7500 (Hitachi, Japan) with an acceleration voltage of 80 kV after dropping the nanoparticle sorbents suspended in ethanol onto copper grids. X-ray diffraction measurements (d8 Advance, Bruker, Germany) were taken to investigate the crystal structure of the Fe 3 O 4 @SiO 2 -NH-HCGs. The pH measurements of all solutions were performed using a mettler toledo delta 320 pH meter (Mettler-Toledo Instruments Co. Ltd., Shanghai, China). 
Materials
Synthesis of magnetite nanoparticles (MNP)
MNP were synthesized by the method reported previously (30) . Briefly, 1.35 g of FeCl 3 ·6H 2 O and 3.60 g of sodium acetate were dissolved in 40 ml of ethylene glycol under to form a clear solution. Then 1 g of polyethylene glycol 4000 were added. The mixture was stirred until the reactants were fully dissolved. The resulting homogeneous yellow solution was transferred to a teflon-lined stainless steel autoclave, sealed, and heated at 180°C. The autoclave was cooled to room temperature after 12 h. The resulting black magnetite particles were washed several times with ethanol and dried in vacuum at 60°C for 6 h. Yield: 95.20%.
Synthesis of Fe 3 O 4 @SiO 2 -NH 2
Fe 3 O 4 @SiO 2 -NH 2 were prepared according to a previously reported method (31) . Briefly, 0.20 g MNP were dispersed in 30.00 ml ethanol under ultrasonic for 15 min, then 0.80 ml APTES and 1 ml deionized water were added into the above dispersion at room temperature. The mixture was stirred vigorously for 6 h. The final products were collected by applying an external magnetic field, washed with ethanol and then dried under vacuum at 60°C for 6 h. Yield: 86.80%. 
Synthesis of Fe 3 O 4 @SiO 2 -NH-HCGs
Batch procedure
First, standard 0.10 m hydrochloric acid and 0.10 m sodium hydroxide solutions were used for pH adjustment. with 50.00 ml of various concentrations of single target metal ion solutions at pH = 7.0. In order to reach the "saturation", single target metal ion concentration was increased till the plateau values (adsorption capacity values) was obtained.
In the above batch experiments, the mixtures were dispersed by ultrasonic for 10 min at room temperature. After adsorption reached equilibrium, Fe 3 O 4 @SiO 2 -NH-HCGs were conveniently separated via an external magnetic field and the solution was collected for metal ions concentration measurements. Fe 3 O 4 @SiO 2 -NH-HCGs were washed thoroughly with deionized water to neutrality. The concentrations of metal ions were determined by FAAS. In order to obtain reproducible experimental results, the adsorption experiments were carried out at least three times.
The adsorption capacity, removal efficiency were calculated as the following equations: where Q represents the adsorption capacity (mg g -1 ), E is removal efficiency (%), C o and C e are the initial and equilibrium concentration of heavy metal ions (mg l -1 ), W is the mass of Fe 3 O 4 @SiO 2 -NH-HCG (g) and V is the volume of heavy metal ion solution (L).
The reactions during the experiment are also illustrated in detail in Scheme 1.
Results and discussion
Characterization studies
The FT-IR spectra of Fe 3 O 4 @SiO 2 -NH-HCGs are shown in Figure 1 , the strong band at 1096 cm -1 is due to the stretching bonds of Si-O-Si (32) . The band at 812 cm -1 is assigned to the Si-O-Si symmetric stretch, while the sharp band at 471 cm C-N stretching modes (27) , respectively. The appearance of these adsorption peaks indicates that Fe 3 O 4 @SiO 2 -NHHCGs have been synthesized successfully (34) . The shapes of Fe 3 O 4 @SiO 2 -NH-HCGs are similar due to the similar structure. The EDS spectrum of prepared composites is shown in Figure 2 . The EDS spectrum of Fe 3 O 4 shows the peaks originated from iron and oxygen elements (Figure 2A ). With the presence of nitrogen and other elements, the peak intensity of iron element reduces evidently in Figure 2B after adsorb heavy metal ions in water solution. As shown in Figure 4 , the black magnetic particles in homogeneous solution start moving towards the magnet under an external magnet, the moving process of the black magnetic particles are well demonstrated in second and third photographs. At last, the black particles are separated successfully from the solution, indicating the black particles have excellent superparamagnetic properties. As shown in Figure 5 , from the sem images with same resolutions, Fe 3 O 4 @SiO 2 -NH-HCGs have similar morphologies, exhibiting more roughness than that of free Fe 3 O 4 (A). It can be clearly observed that many modified silicas are located on the Fe 3 O 4 nanoparticles' surfaces.
TEM are used to investigate the internal morphology of Fe 3 O 4 @SiO 2 -NH-HCGs. As shown in Figure 6 , the dark magnetic particles are individually coated with gray silica shell. This further confirms that Fe 3 O 4 @SiO 2 -NH-HCGs have been prepared successfully.
Effect of pH
The pH condition has been considered as playing a key role in adsorb investigations because it often affects the amounts of adsorbed metals. Figure 7 shows, respectively, the removal (%) of heavy metal ions onto every increase of pH value due to similar structural magnetic adsorbents. The removal efficiency is lower owing to the protonation of Fe 3 O 4 @SiO 2 -NH-HCGs, diminishing donor nitrogen atoms below pH 5.0. The most ideal pH range in 5.0~8.0, the removal efficiency is generally above 96%. In the higher pH ranges, These heavy metal ions get out of the solution due to formation of hydroxide (36) . These formation of insoluble metal hydroxide species instead of free heavy metal ions also decreased their adsorption efficiency. Therefore, no adsorption experiment were performed at higher pH.
Effect of contacting time on the removal efficiency
In order to determine the effect of contacting time on metal extraction, further experiments were carried out at room temperature and pH 7.0 with the contacting time varying in the range of 30 min. Figure 8 shows 
Maximum adsorption capacity
Adsorption of toxic ions from aqueous solution were investigated in batch experiments with stirring for 1 h. ion is the lowest among four adsorbents due to containing the lowest nitrogen atom proportion compared with other adsorbents. However, the Figure 9B ). The Q max of single target metal ion is the highest due to the two nitrogen atoms located in the same side of the aromatic ring, being beneficial to coordination with heavy metal ions. Figure 9C and (27) , which is due to the high nitrogen atom proportion and low steric hindrance of grafting group.
As can be seen in Figure 9 , as for the sample of 
Reusability
In order to study the reusing possibility of Fe 3 O 4 @SiO 2 -NHHCGs, they were subjected to several loading and elution operations. The loading operations were carried out by saturating 0.10 g of Fe 3 O 4 @SiO 2 -NH-HCG in 100.00 ml 1.00 g l -1 single target metal ion solution. The elution operations were carried out by shaking Fe 3 O 4 @SiO 2 -NH-HCG which contained maximum amount of metal ion in 100.00 ml 0.50 mol l -1 hydrochloric acid. The removal efficiency were calculated from the loading and elution tests. The results of eleven cycles of adsorption-desorption of different metal ions onto the Fe 3 O 4 @SiO 2 -NH-HCG are shown in Table 1 . The dynamic removal efficiency of different metal ions were not significantly decreased even after seven cycles. These results indicate that the Fe 3 O 4 @ SiO 2 -NH-HCGs possess excellent stability and reusability. 
Conclusion
